The severity of malaria is multi-factorial. It is associated with parasite-induced alteration in proinflammatory and anti-inflammatory cytokine and chemokine levels in host serum and cerebrospinal fluid. It is also associated with sequestration and cytoadherence of parasitized erythrocytes (pRBCs) in post-capillary venules and blood brain barrier (BBB) dysfunction. The role of these factors in development of vascular injury and tissue damage in malaria patients is unclear. While some studies indicate a requirement for pRBC adhesion to vascular endothelial cells (EC) in brain capillaries to induce apoptosis and BBB damage, others show no role of apoptosis resulting from adhesion of pRBC to EC. In the present study, the hypothesis that soluble factors from Plasmodium falciparum-infected erythrocytes induce apoptosis in human brain vascular endothelial (HBVEC) and neuroglia cells (cellular components of the BBB) was tested. Apoptotic effects of parasitized (pRBC) and non-parasitized erythrocyte (RBC) conditioned medium on HBVEC and neuroglia cells were determined in vitro by evaluating nuclear DNA fragmentation (TUNEL assay) in cultured cells. Soluble factors from Plasmodium falciparum-infected erythrocytes in conditioned medium induced extensive DNA fragmentation in both cell lines, albeit to a greater extent in HBVEC than neuroglia, indicating that extended exposure to high levels of these soluble factors in serum may associated with vascular, neuronal and tissue injury in malaria patients.
Malaria is a debilitating and life-threatening infection of Plasmodium falciparum resulting in over 2.5 million deaths annually, with young children and pregnant women at greatest risk [1, 2] . Cerebral malaria (CM) is a serious complication of malaria resulting from increased sequestration of parasitized erythrocytes in micro vessels as well as petechial and ring hemorrhages in the brain. Although severe forms of malaria (severe malaria anemia and CM) have been studied extensively, many of the pathophysiological mechanisms leading to host tissue damage and death remain unclear. Several studies suggest that parasite induced apoptosis plays an important role in immunopathogenesis of severe forms of malaria [3] [4] [5] [6] . However, examination of post mortem tissues from Ghanaian (West Africa) children who died of severe forms of malaria showed sequestered parasitized erythrocytes in the CM cases than in the severe malaria anemia cases [7] . In one hypothesis sequestration of parasitized red blood cells (pRBC) leads to activation of vascular endothelial cells causing BBB dysfunction [3, 8, 9] . However, other evidence suggests that parasite sequestration alone does not fully account for immunopathogenesis of malaria [10, 11] . At present, there is no uncontested hypothesis(es) explaining how sequestered parasites induce the neurological symptoms associated with severe forms of malaria. Recent studies using ex vivo co-cultures of human lung endothelial cells and P. falciparum demonstrate that pRBC adhesion to human endothelial cells is responsible for observed induction of apoptosis [12] . Immunohistochemistry on post-mortem tissue from Vietnamese adults [8] and Malawian children [13] showed a loss of endothelial cell junctional proteins ZO-1, occludin and vinculin, most notably in vessels containing sequestered pRBC. Further, P. falciparum schizont-rich extract-induced apoptosis was detected in lymphocytes harvested from uninfected subjects [14] . Tripathi et al. [15] demonstrated that pRBCs perturbed BBB integrity by multi-factorial and multi-step processes. They also determined that, in addition to adherence of pRBCs to brain endothelium, parasite specific factors played an important role in the pathogenesis of CM by decreasing BBB integrity although the specific factors remain to be identified. Other studies determined that a direct cytotoxic effect of pRBCs on brain endothelial cells [2] leads to the decrease in the integrity of the BBB monolayer [15] . Recently, Taoufiq et al [6] demonstrated that the Rho kinase pathway was involved in pathogenic interactions between endothelium and P. falciparum during human CM and multiorgan failure syndrome [6, 12] . Other studies using P. falciparum field isolates found that these isolates can induce EC apoptosis which is associated with neurological manifestation [16] . They and others found that pRBC adhesion is required to induce endothelial cell apoptosis [6, 12, 16] . Other studies have demonstrated induction of EC apoptosis indirectly in the absence of physical interaction with pRBCs [17] . In contrast to these evidences, other studies have shown that caspase 3 activity in ECs by pRBCs could also result in suppression of apoptosis during cytoadherence [18] . The aim of the present study was to determine whether adherence of pRBC to human brain endothelial cells (HBVEC) and neuroglia cells is a pre-requisite for the induction of apoptosis by Plasmodium falciparum-infected erythrocytes soluble factors. The results of this study indicate that soluble factors from Plasmodium falciparum-infected erythrocytes induce apoptosis of HBVEC and neuroglia in the absence of pRBC adhesion.
The study samples were obtained from the Korle-Bu Teaching Hospital's Child Health Department, Accra, Ghana, after ethical approval by Morehouse School of Medicine and University of Ghana Medical School. Children (22-72 months) reporting with malaria to the Child Health Department's diagnostic laboratory were selected for participation in the study after informed consent was obtained from their parents or guardian. Malaria cases were confirmed by thick film slides microscopy and Plasmodium falciparum HRP II (PfHRP II) ELISA assay. Blood specimens (5ml) were collected prior to enrollment of subjects. Blood cells (infected and uninfected) and plasma were separated using Vacutainer Cell Preparation Tubes (CPT) with Sodium Citrate (Becton Dickinson, US). Hemolysed blood samples were excluded from this study. The red blood cells (infected and uninfected) were washed three times with isotonic PBS to remove serum albumin and other serum proteins and incubated in Roswell Park Memorial Institute (RPMI) 1640 media (Atlanta Biologicals, Atlanta, GA) at 37°C for 4hr. The RBC-RPMI mixture was spun down at 1500 × g and the supernatant (RBC and pRBC conditioned media) collected and stored at −80°C until ready for use. In all ten (10) malaria positive and 10 malaria negative children were enrolled in the study.
Human Brain Vascular Endothelial Cells (HBVEC; Biowhittaker, Walkersville, MD) were cultured at 37°C with 5% CO 2 in Complete Serum-free Medium Kit (Cell Systems, Kirkland, WA) supplemented with 2% fetal bovine serum (FBS; ATCC, Manassas, VA) and 100 U/ml of streptomycin, 100 U/ml of penicillin (Gibco, Grand Island, NY) and were harvested and passaged at about 70-90% confluence. At confluence, HBVECs (2×10 5 cells/ml) were transferred into 35mm tissue culture dish containing collagen-coated cover slip and incubated at 37°C in 5% CO 2 for 24-48hr.
Human neuroglia cells were obtained from the American Type Culture Collection (M059K, ATCC, Manassas, VA) and cultured at 37°C under 5% CO 2 in a humidified atmosphere in D-MEM/F-12 medium (ATCC, Manassas, VA) supplemented with 10% heat-inactivated fetal bovine serum and 100 U/ml of streptomycin, 100 U/ml of penicillin. At about 90% confluence, the cells were transferred into a 35mm tissue culture dish containing a collagen coated cover slip at a density of 2×10 5 cells/ml and incubated at 37°C in 5% CO 2 for 24-48hr.
The apoptotic effect of pooled RBC conditioned medium (RBC-SUP) and pRBC conditioned medium (pRBC-SUP) from 10 malaria negative and 10 positive children respectively on HBVEC were compared at different concentrations to determine the LD 50 concentrations of the conditioned medium. In a second set of experiments, HBVEC and neuroglia cells were coincubated with 100µl/ml (LD 50 ) of RBC-SUP or pRBC-SUP in 35mm tissue culture dish containing collagen coated cover slip at 37°C in 5% CO 2 for 24hr. Subsequently, the cultures were assayed for apoptosis using the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. All experiments were done in triplicate. A hallmark of apoptosis is internucleosomal cleavage, leading to the generation of discrete DNA fragments that are multiples of approximately 100 bp. To assay for DNA ladder formation, nuclear extracts were obtained from treated cells. The nuclear extracts were centrifuged at 15,340 × g for 20 min at 4°C, and then RNA removed by RNase A (Sigma, St. Louis, MO) digestion at 37°C for 2hr. All of the protein present was eliminated from the mixture by proteinase K (Promega, Madison, WI.) treatment at 56°C for 2hr. DNA precipitation was initiated by an overnight treatment with 4 M ammonium acetate and a 0.7 volume of isopropanol at −20°C. DNA purification was achieved by performing several 70% ethanol washes, followed by centrifugation at 15,340 × g for 30 min. Purified DNA was air dried, resuspended in sterile water, and quantitatively and qualitatively analyzed by spectrophotometry (HP 8453 spectrophotometer; HP ChemStation, Palo Alto, CA). Twenty micrograms (20µg) of DNA from each treatment was prepared in gel loading buffer that gave a final concentration of 0.02% bromophenol blue, 5% glycerol, 0.1% SDS, and 50µg of ethidium bromide. The buffered DNA samples were resolved in a neutral 1.5% agarose gel at 6 V/cm for 4hr. DNA ladder markers (Promega, Madison, WI) were used as size standards. Images were taken using FD67110 Fotodyne FOTO/Analyst Luminary Workstations Systems (Fotodyne, Inc., Hartland, WI) and the negative image was generated via Adobe Photoshop Software (version 5.0.2). . Similar DNA fragmentation data was observed for neuroglia cells (data not shown). Dose-response analysis of HBVEC exposed to pRBC-SUP was evaluated using TUNEL (Figure 2A) . 10% of HBVEC displaying apoptosis were observed at a minimum threshold of 10µl/ml (v/v) pRBC-SUP with an LD 50 of approximately 100µl/ml (v/v) observed (Figure 2A open circles) . HBVEC that were exposed to equal concentrations of RBC-SUP, exhibited no change in the percentage labeling cells (Figure 2A closed circles) . Thus, TUNEL labeling of HBVEC exposed to pRBC-SUP was dose-dependent. pRBC conditioned media induced significant apoptosis (p<0.001 for both cell lines) at LD 50 concentration ( Figure 2B , pRBC-SUP) compared with RBC conditioned media and untreated cells ( Figure 2B , RBC-SUP). pRBC conditioned media induced greater apoptosis in HBVECs than in neuroglia ( Figure 2B ). RBC conditioned media ( Figure 2B ,RBC-SUP) induced apoptosis similar to background apoptosis observed in untreated cells (HBVECs, p=0.652; neuroglia cells, p=0.283; Figure 2B , untreated). Thus, the TUNEL and DNA electrophoresis data showed that soluble factors from P. falciparum infected RBC in conditioned media significantly induced apoptosis in HBVECs and neuroglia cells in the absence of intact RBC's.
Approximately 1-2.5 million children die of malaria annually and bulk of these deaths can be attributed to severe forms of malaria including severe malaria anemia (SMA) and CM in endemic countries. The mechanism(s) mediating severity of malaria are unclear. For example, adhesion of pRBC to the vascular endothelium in the brain results in the sequestration of pRBCs [19, 20] ; a major factor associated with CM severity. Brown et al. [8] , determined that adhesion of pRBCs to endothelial cells via cellular adhesion molecules induces a deleterious effects on vascular endothelial cells in the brain that could directly result in disruption of the BBB. Adhesion of pRBCs to EC activates expression of pro-inflammatory cytokines and chemokines [21] [22] [23] [24] , apoptosis and tissue damage [6, 8, 12, 14, 15, [25] [26] [27] [28] [29] . It is not clear how pRBCs adhesion to EC induces apoptosis [16] . Others suggest that, cross-linking of the adhesion molecules at the EC surface can trigger intracellular signaling pathways leading to a variety of cellular processes, including apoptosis [16, 30] . Recently, fifty-nine (59) putative Plasmodium apoptogenic genes were identified with potential involvement in parasite induced cell death through cytoadherence [28] . Sequestration of pRBCs within the brain capillary network is critical in severe malaria pathogenesis [27] . However, cytoadherence appears to be essential but not sufficient to explain outcome of CM since only a subset of malaria cases lead to malaria complication [6, 31] . In a study using P. falciparum field isolates on EC, they found that the degree of cytoadherence was higher among individuals with apoptosis than the individuals without apoptosis [16] . However, they also found out that the correlation between the degree of cytoadherence and the capacity to induce apoptosis was not significant [16] . Interestingly, a recent study revealed that increasing the adhesion of pRBC to endothelial cells in vitro failed to increase endothelial cell apoptosis [27] . Thus, the degree of pRBC adherence did not correlate with endothelial cells apoptosis [27] . In this study, soluble factors from P. falciparum infected RBC induced HBVECs as well as neuroglia cell apoptosis without a need for adherence of pRBCs to the cells. The HBVEC-based apoptosis assay revealed that pRBC-SUP induced cell death in HBVEC at a minimum threshold concentration of 10µl/ml (v/v). DNA fragmentation laddering assays revealed that, extensive apoptosis occurred after treatment with pRBC-SUP but not with RBC-SUP. The TUNEL assay in HBVEC and neuroglia revealed that soluble factor(s) from infected RBC induce apoptosis in both cell lines in the absence of host immune modulators or pRBC adherence. The evidence suggests that a soluble, apoptotic factor(s) is secreted or shed by the infected RBC due to the presence of parasites in host blood. Increased production or release of this factor(s) could directly mediate the neuropathogenesis and BBB damage associated with severe forms of the disease. Several recent studies support this hypothesis. A recent in vitro study showed that parasite extracts induced apoptosis in mononuclear cell cultures [14, 29] . Additionally, Tripathi et al. [15] observed soluble factors from pRBC decreased electrical resistance in HBVEC's while Ghigo et al. [32] showed that a soluble factor (>100 kDa) released from pRBCs activates human umbilical vein endothelial cells. However, in this study, soluble apoptotic factors from infected RBC induced neuroglia cell apoptosis without a need for adherence of pRBCs was also observed. Axonal injury due to CM has also been observed in human cerebral cortices and the cerebellum and to a lesser extent in the midbrain structures or the brain stem [26] . These studies show that severe forms of malaria such as CM can be initiated or amplified by factor(s) secreted directly into host blood and subsequently released into the cerebrospinal fluid (CSF) by pRBC's or a more complex interplay between parasite factors and host pro-inflammatory immune modulators [14] . Changes in the BBB and CSF resulting from such interactions would allow cytokines and malaria antigens to enter the brain compartment, from which they are normally excluded [33] . This would lead to the activation of microglia or damage to astrocytes, a phenomenon that has been observed in murine and human CM [34] [35] [36] [37] . Astrocytes are critical in regulating the interstitial fluid milieu, contributing to the maintenance of the BBB and they also synthesize neuroprotective molecules. Thus, impairment of astrocytes function may cause disruption of neuronal activity [33] . Thus, we propose a hypothesis in which increased expression and secretion of soluble factors from infected RBC contributes to HBVEC activation and apoptosis which perturbs the BBB and subsequently directly or indirectly induce neuroglial apoptosis. Studies are underway to characterize the apoptotic factor(s) and the mechanisms mediating this apoptotic pathway. Interestingly the HBVECs used with this study were more susceptible to apoptosis than neuroglia cells ( Figure 2B) . Thus, these cell types may have different susceptibilities to the apoptotic factors. It also seems that during severe malaria, sequestration of pRBCs may cause amplified local apoptotic effects in the brain that could result in BBB dysfunction.
In conclusion, the present study demonstrates that soluble apoptotic factor(s) from infected RBC have apoptogenic effects on human brain endothelial and neuroglia cells. This observation suggests that pRBCs adherence to host endothelium is not a pre-requisite for inducing apoptosis. 
